Evaluation of streamflow depletion induced by groundwater pumping is important for watershed management. Many analytical and numerical solutions exist for estimating depletion for various hydro-geologic scenarios. Numerical models are time consuming and require significant data input, and moreover, are problem-specific. Analytical models are convenient because of their ease of use, minimum data requirements, and instantaneous solutions, but are only applicable for idealistic scenarios. In many cases, analytical models are used for decision making on waterwithdrawal permits, because they are assumed to offer conservative estimates of depletion. However, a systematic study of the applicability of these analytical models has not been done. In this research, we critically evaluate the performance of the analytical models in complex hydrogeologic settings, and list the factors that most significantly impact depletions. On the basis of this study, we find that the analytical models perform satisfactorily as a screening-level tool, though there are some situations when they perform poorly. The factors that most significantly impact streamflow depletion are spatial variability in hydraulic conductivity and the presence of other sources of water, such as lakes and wetlands. The analytical models do make conservative predictions of streamflow depletion especially for the most vulnerable streams.
Introduction
Water withdrawals from aquifers can cause adverse impact on nearby streams by reducing streamflows. Streamflow depletion is affected by many factors such as aquifer hydraulic conductivity, aquifer geometry, pumping rate, strength of the hydraulic connection between the aquifer and surface water body, and the presence of other sources of water supplying the well. Various studies have been conducted on streamflow depletion, and many analytical models have been developed for various aquifer and stream conditions.
The most basic conceptual model for this problem is a pumping well adjacent to one stream. The first solution for this problem was proposed by Theis (1941) in the form of an integral evaluated by an infinite series. Glover and Balmer (1954) modified Theis' solution in terms of the complementary error function. This model assumed the river to be an infinitely long straight line with a constant head, and the stream was assumed to completely penetrate the aquifer. Based on the above conceptual model, various analytical models considering more complicated scenarios appeared gradually (Hantush 1965 , Jenkins 1968 , Ernst 1979 , Wallace et al. 1990 , Spalding and Khaleel 1991 , Hunt 1999 , Zlotnik and Huang 1999 , Darama 2001 , Fox et al. 2002 , Bakker and Anderson 2003 , Zlotnik 2004 . These studies focused mainly on the following five aspects: (a) fully penetrating stream with no streambed resistance, (b) fully penetrating stream with streambed resistance, (c) partially penetrating stream with streambed resistance, (d) partially penetrating stream with drawdown in the aquifer below the streambed, and (e) streamflow depletion in the presence of other water sources. All of the studies mentioned above focus on streamflow depletion from one stream, but do not account for two or more streams. Wilson (1993) provided analysis for a well between two parallel streams with vertical recharge. Sun and Zhan (2007) gave a semi-analytical solution based on Hantush's model for the pumping-induced depletion from two parallel streams. Foglia et al. (2013) illustrate that the coupling of a soil water budget model with an analytical solution for streamdepletion is a viable tool to inform stakeholder-driven groundwater management. Zarriello and Ries (2000) used a precipitation-runoff model to study the impact of water withdrawals on streamflow. For this purpose, they used a USGS computer program, STRMDEPL, for computing stream depletion (Barlow 2000) , which was based on two analytical solutions (Jenkins 1968 , Hantush 1965 . Other USGS studies Bent 2004, Barbaro and Zarriello 2007 ) also used precipitation-runoff models and the STRMDEPL program. Barlow (2003) performed a detailed water-use and availability analysis using the same program. Reeves (2008) created the STRMDEPL08 program by modifying STRMDEPL to include two more analytical solutions to account for a partially penetrating stream with streambed resistance (Hunt 1999) , and for a stream in an aquitard subjected to pumping from an underlying leaky aquifer (Hunt 2003) . A detailed review of Hunt's (2003) analytical model is provided in Hunt (2014) . The analytical model that describes streamflow depletion by a pumping well for a partially penetrating stream in an infinite aquifer with streambed resistance is given by: STRMDEPL08 program was based on the following assumptions:
• Flow is predominantly horizontal. Vertical aquifer structure/anisotropy can be ignored.
• The aquifer is homogeneous and isotropic and has constant saturated thickness. Trends and heterogeneity in aquifer properties can be ignored.
• The aquifer is either confined or, if unconfined, change in hydraulic head in the aquifer is small compared to the saturated thickness.
• The stream is straight, infinitely long, and remains in hydraulic connection with the aquifer. There are no other streams in the vicinity of the well.
• Presence of lakes and wetlands on stream depletions can be ignored.
• The pumping does not change the stage of the stream.
• Recharge to the system is unchanged by pumping.
• The streambed may offer resistance to groundwater flow.
• There is no stream bank storage.
• The pumping rate is constant.
• The aquifer extends to infinity.
The analytical models discussed above are easy to use, require minimum data input, offer instantaneous solutions, and are assumed to provide conservative estimates. Indeed, states like Michigan have used analytical models (Hunt 1999 (Hunt , 2003 for creating a water withdrawal assessment tool (WWAT) for issuing permits (Reeves et al. 2009 ). The streams in Michigan typically only partially penetrate the aquifer, thus justifying some of the assumptions used in Hunt's analytical model. Obviously, real sites do not always conform to all simplifying assumptions made in analytical models. For example, Hunt's model estimates streamflow depletion in a single stream, and does not account for other streams that may also be affected by the pumping. For such situations, it is necessary to apportion the streamflow depletion appropriately between all affected streams. Wilson (1993) studied this problem with reference to a well between two parallel streams, and concluded that for sufficiently large pumping rates (relative to the ambient flow in the aquifer) the induced infiltration from two streams is inversely proportional to the position of the well in the aquifer. For example, if a well is three times closer to one stream than the other, the closer stream contributes three-times as much as the farther stream. Reeves et al. (2009) tested the efficiency of nine different apportioning methods between neighboring rivers by comparing them to a finite difference MODFLOW model. On the basis of this test, the inverse distance method was chosen to be the most appropriate strategy as it (a) produced a reasonable overall pattern of streamflow depletion compared with the MODFLOW results, (b) was straightforward to implement, and (c) had the theoretical basis from Wilson (1993) . It is important to note that Wilson's analysis was for two parallel streams, and was extended to any number of streams by Reeves et al. (2009) .
In spite of the inherent advantages of using analytical models, they have limitations while being applied to complicated hydro-geologic conditions, and for such situations numerical models have been preferred. Spalding and Khaleel (1991) and Sophocleous et al. (1995) used numerical models to test the assumptions made in the various analytical solutions. They concluded that neglecting the effects of streambed resistance and partial penetration of the stream into the aquifer could result in significant errors in predicting depletions. Conrad and Beljin (1996) investigated various assumptions inherent in the solution proposed by Wilson (1993) and concluded that streambed effects could not be ignored if the streambed's conductivity was more than one magnitude lower than the aquifer's conductivity. Osman and Bruen (2002) proposed a modified algorithm for disconnected streams in MODFLOW that includes a term to account for unsaturated flow. Chen and Shu (2002) used MODFLOW to study induced infiltration from a stream to an aquifer caused by seasonally pumped wells. Darama (2004) and Chen and Shu (2006) also used MODFLOW to investigate an interaction between pumping a well near a stream and changes in evapotranspiration losses from the aquifer. In spite of the ability of numerical models to tackle complexities in hydrogeologic settings, their use is complicated by the significant time and effort required to create, calibrate, and validate the models. The use of analytical models for performing screening-level analysis of streamflow depletion is, thus, understandable.
Objectives
An implicit assumption behind the use of analytical models for issuing water-withdrawal permits is that their depletion estimates are conservative (on the higher side). However, this assumption has not been systematically evaluated. In this research, we use numerical modeling to compute the streamflow depletion due to pumping, and to study the effects of river geometry, variability in hydraulic conductivity, ambient flow, vertical anisotropy, presence of clay lenses, and the presence of other sources of water. Each scenario is tested independently and the results are compared to those obtained from the analytical model, in particular, the estimates from Hunt's model used in the WWAT. On that basis we address the following questions:
• Can analytical models be used reliably for a screening-level analysis? • Are the depletion estimates from the analytical model conservative? • Which hydro-geologic factor has the greatest impact on depletions?
Approach
In order to address the questions raised, we use numerical modeling to estimate streamflow depletions due to pumping for a number of complex hydro-geologic settings. The scenarios are selected to represent commonly encountered real-world situations in glacial environments (mid-western United States). The scenarios tested are: (a) effect of river geometry, (b) effect of spatial variability in hydraulic conductivity, (c) effect of ambient flow, (d) effect of vertical anisotropy, (e) presence of clay lenses, and (f) presence of other sources of water (lakes/wetlands). In most cases, the models have rivers or streams for boundaries, therefore, no boundary conditions were needed for such situations. For the other models, no-flow boundary conditions were applied at all boundaries. Also, except for the scenario with ambient flow, the pumping stresses were applied as perturbations to the model, i.e. prior to the application of pumping there was no flow in the model. This was done to ensure that pumping was the only stress on the stream, and no other sources of water (recharge or ambient flow) had any impact on the stream. We use Interactive Groundwater (Li and Liu 2006) , a groundwater modeling software developed recently for creating all the models and performing the necessary mass balance analysis. The results of each scenario are discussed in the following sections.
Effect of river geometry
The effect of river geometry on streamflow depletions was studied in this example. A pumping well was located in the vicinity of three rivers, such that the well was equidistant from all three rivers. The flow field and water balance from the numerical model are presented in Fig. 1 . The results show that the streamflow depletions from each river are different, while the analytical model predicts equally distributed depletions, i.e. 33% from each river. River I provides the most water to the well, while River II provides the least. The portions coming from Rivers I, II, and III are approximately 50%, 24%, and 26%, respectively. In order to study the effect of river geometry on streamflow depletion, the extent of River III was changed such that a larger segment of the river was exposed to the pumping well's area of influence (Fig. 2) . In making this change the well remained equidistant from all three rivers. In such a scenario, the analytical model's results would remain unchanged. However, the numerical model predicts the portions coming from Rivers I, II, and III as approximately 36%, 18%, and 46%, respectively. The analytical model's prediction is conservative for River II, and under-predicts River III. Rivers I and II, which previously contributed 50% and 26%, now contribute only 36% and 46%, respectively, which is a fairly significant change. The change for River II is comparatively smaller. This example demonstrates that it is not merely the distance from the pumping well to the river that determines the depletion, but also the length of the river that is exposed to the effect of pumping. The greater the extent of exposure to the pumping, the greater will be the depletion in the river. The extent of exposure can be affected by several factors such as river shape, spatial variability of hydraulic conductivity and so on.
Effect of horizontal hydraulic conductivity variability
This example has the same model setup as the previous case, but has two zones of different hydraulic conductivities. As depicted in Fig. 3 , River I was located in Zone 1 whose hydraulic conductivity was k 1 , while parts of Rivers II and III were in Zone 2 whose hydraulic conductivity was k 2 (such that k 1 > k 2 ). The flow field for this model is shown in Fig. 3 . The portions coming from Rivers I, II, and III are approximately 68%, 3%, and 29%, respectively. The prediction from the analytical model is, as before, 33% from each stream. The reason for the discrepancy between the model and the analytical model is that the effective distance between the well and River II increased due to the lower conductivity in Zone 2, and thus, almost 'cut off' River II from the effect of pumping. A small portion of River III was in Zone 1, and therefore its contribution decreased considerably but not as drastically as that of River II. The combined effect of the reduction from Rivers II and III is felt on River I, as it is relatively closer to the pumping well than the other two rivers, and hence contributed more water than them. The analytical model is unable to predict the depletions accurately since it does not account for the variability in hydraulic conductivities. The analytical model significantly over-predicts (by 11 times) the depletion from River II and under-predicts the depletion from River I. The most desirable outcome would be to over-predict the depletion from the river that is most 'sensitive' to flow depletion. While over-prediction is conservative and somewhat desirable, very large over-predictions can be unduly conservative.
Effect of ambient flow Wilson (1993) obtained an analytical solution for the streamflow depletion caused by a pumping well between two parallel rivers ( Fig. 4) with an ambient flow between the two rivers. A comparison was made between the streamflow depletions from three methods (Michigan State's WWAT, Wilson's model and IGW), and is shown in Fig. 4 . The distance between the stream and the well is d. L is the distance between the stream and the river. Q s is the streamflow depletion from the stream, Q w is the pumping rate, and q a is the ambient flow. When the pumping rate is sufficiently large compared to the ambient flow, for instance Q w /2Lq a ≥ 200, (Wilson 1993) /d over a consecutive 30-day period), and therefore, it can be said that the effect of ambient flow can be ignored while using analytical models for estimating depletion.
Effect of vertical anisotropy
This example illustrates the effect of changing the vertical anisotropy in the aquifers on the streamflow depletion. In this model setup, a model is created with two aquifers, a stream and a river as shown in Fig. 5 . The stream is connected to the shallow aquifer, and the river is connected to both aquifers. Two such models are created, one with a shallow well and another with a deeper well. The screening elevations for the wells are 25 m (Shallow) and 75 m (Deep) below the land surface. The hydraulic conductivity in the shallow aquifer is k 1 (10 m/d), and the deeper aquifer is k 2 (100 m/d). Several simulations were performed by changing the vertical anisotropy values (for both layers), ranging from 1 to 10 000. The mass balance results from both models are shown in Fig. 6 . When the vertical anisotropy factor increases, it implies that the vertical hydraulic conductivity (k z ) decreases. The analytical model does not account for vertical anisotropy, and therefore predicts that there will be no change in the streamflow depletions.
Shallow well
When the anisotropy factor is 1, most of the water comes from the stream. This result is almost identical to the prediction from the analytical model. An increase in the anisotropy factor results in an increased contribution from the river. Beyond a certain limit, the contribution from the river exceeds that from the stream. For anisotropy values ranging between 50 and 1000, the contributions from the river and stream remain stable. For anisotropy values greater than 1000, there was a steep increase in the contribution from the river and a corresponding decrease from the stream. For most anisotropy values, the contribution from the stream is always over-predicted, and the contribution from the river is under-predicted. As the anisotropy value increases, the under-/over-prediction becomes worse.
Deep well
The contribution from the river showed a rising trend throughout the range of tested anisotropy values (1-10 000), reaching a maximum of 87%. The analysis for the deep well is identical to that of the shallow well, except that the increase in contributions from the river is much more rapid with increasing anisotropy values. The cause for this is that the well is deeper and increasing anisotropy only increases the disconnection between the partially penetrating stream and the well.
In general, a fully penetrating river is likely to be a major river having higher baseflows than a partially penetrating stream. A major reduction in baseflows, therefore, is likely to be more devastating for a smaller stream than a major river. The analytical model, irrespective of the well's screening depth, tends to overpredict the depletion from the smaller stream and under-predicts the larger river. Over-predicting the depletion from the smaller stream is not undesirable, as long as it does not place excessively conservative limits on pumping. Under-estimating the depletion from the large river is less harmful to the river, but is acceptable as a screening-level approximation.
Effect of clay lens
This example demonstrates the effect of the presence of a clay lens near a pumping well on the streamflow depletions in nearby streams. A typical model setup is shown in Fig. 7 . A number of simulations were performed by varying the ratio of d′/d from 0 to 1.4 to study the effect of the size of clay lens. When the pumping well is placed above the clay, the size of the clay has no effect on streamflow depletion (Fig. 8) . When the pumping well is placed below the clay, the flow depletion from the stream and river remain unchanged for d′/d < 0.8. For d′/d > 0.8 there is a drastic change in flow depletions. The river starts contributing more water to the well than the stream. Eventually, for a d′/d of 1.44 all the water in the well comes from the river, because the stream is 'cut off' from the deeper well by the impervious clay. Similar to the analysis presented for vertical anisotropy previously, the presence of a clay lens leads to underprediction from the major river and over-prediction from the smaller stream. This over-prediction is desirable as long as it does not impose excessively conservative restrictions on pumping.
Effect of lakes
The effect of the presence of water bodies such as lakes on flow depletion from streams is illustrated in the following example using a simple box model. The aquifer has no-flow boundaries on all sides except on one side where it has a constant head boundary (river). A pumping well is placed in the aquifer at some distance from the river. The transient response of the aquifer and river to a well pumping at a constant rate was studied. The plot shows the relative contribution of aquifer storage and river to the pumping well. Eventually, all the water to the well comes from the river. The model setup is modified slightly to include a lake between the pumping well and the river. Figure 9 shows the contribution from aquifer storage, the lake, and the river. Initially, the well received most of its water from storage, until the effect of pumping reached the lake, after which there was a rapid increase in the amount of water the lake provides, resulting in a sharp drop in the water coming from storage. When the effect of pumping reached the river, the river started contributing water, and thus the lake's contribution decreased. Eventually, all the water in the well comes from the river through the lake. The effect of lake position is the time taken to reach steady state. When the lake was between the river and the well, steady state was reached quickly. However, if the lake was farther away from the river, it took longer to reach steady state. Since the analytical model does not account for the presence of the lake, the predicted transient response for scenarios with or without the lake would be identical. Figure 10 shows the streamflow depletions due to the presence of lakes (A-E as explained in Fig. 9) Both the numerical and analytical models predict that all the water would come from the river at steady state. The only difference between them would be the 'early' transient response, when the effect of pumping did not yet reach the river. Irrespective of the position of the lake, the early transient response would be for the lake to provide water to the well, until the effect of pumping reached the river. However, if the lake was positioned such that it fell on the shortest path between the well and the river, it served to shorten the path between them by quickly 'transmitting' the effect of pumping. When the lake provides water to the well its water level drops instantaneously, thus causing a hydraulic gradient between the river and lake, which causes water to flow from the river to the lake. If the lake were not present it would take a longer time for the hydraulic gradient to be created by the effect of pumping through the aquifer. Therefore, the lake's position, vis-à-vis the river and the well, is important and plays an important role in the transient response of the river. 
Effect of lake between two rivers
This example illustrates the effect of a lake on streamflow depletion due to pumping between two streams, as depicted in Fig. 11 . Although highly idealized, this situation is similar to many areas in the Mid-Western United States with many lakes, ponds, and wetlands. The transient process of flow depletion shows that the water comes, initially, from storage. As the effect of pumping reached the lake, the lake started providing water leading to a rapid decrease in water from storage. Although the stream was closer to the well than the river was to the well, the river responded earlier to the pumping. This is because the presence of the lake shortened the distance between the well and the river. In that sense, the lake behaved like a high conductivity zone. As a result, the river contributed almost twice as much as the stream, which was exactly opposite to what the analytical model predicted. The lake, meanwhile, reached a dynamic equilibrium with no change in its water level because the water coming into it from the river was exactly equal to the water leaving it. This experiment was repeated by replacing the lake with a zone of the same size but with a higher hydraulic conductivity than the background aquifer. The flow depletion caused at steady state by this configuration was almost identical to the one with the lake. However, the transient dynamics were different as shown in Fig. 12 . Table 1 summarizes the results from all the experiments. Overall, the presence of lakes or wetlands can drastically impact the depletions, by shortening the effective distance between the well and the stream. However, this effect is only evident only when the lake falls on the shortest path between the well and the stream. It has already been demonstrated in an earlier scenario that the presence of heterogeneity can effectively change the distance between a well and a stream. If we include lakes and wetlands in this understanding, the shortest path to a nearby stream may not necessarily be a straight line, but rather a preferential path that wiggles around low conductivity zones and takes advantage of surface water bodies or high conductivity zones. Considering that the analytical model uses the distance between the well and multiple streams to apportion depletions, it is obvious that using the right distance is crucial to predict the right depletion.
Conclusions
On the basis of the examples illustrated in this study, it was found that Hunt's analytical model, which was used in the WWAT, is good for screening-level analysis, although there are some scenarios where it performs poorly. Considering the effect of river geometry does not seem to be a critical factor in estimating depletions. Heterogeneity in hydraulic conductivity, however, is a crucial parameter as it can change the effective distance between a well and a stream, and completely alter the distribution of depletions between neighboring streams. The effect of ambient flow in aquifers on depletions can also be ignored because the WWAT was designed for high-capacity withdrawals where the inverse distance weighting approach works well. The effect of vertical anisotropy is to under-predict depletions from fully penetrating rivers and over-predict depletions from partially penetrating streams. While it is hard to generalize the effect of these errors on any given river, it is obvious that over-predicting depletion from a smaller stream is conservative and thus desirable, with the caveat that the over-prediction not be so drastic that it places undue constraints on pumping. Under-predicting the depletion from a larger river can also have ecological/hydrological implications that can not be ignored. In general, for a screening-level tool this level of approximation may not be intolerable. If more accuracy is deemed necessary for a particular site, more intensive numerical modeling may be done. The presence of a clay lens near the well has a similar effect to vertical anisotropy, i.e. under-predicting the depletion from a larger river and over-predicting the depletion from the smaller stream. When other sources of water (lakes/wetlands) are present, there can be a drastic impact on depletions, because these surface water bodies act as high-conductivity zones by shortening the effective distance between the well and the stream. Analytical models, such as Hunt's model, can be used with reasonable reliability as screening-level tools for water-withdrawal permitting. Numerical modeling is the most reliable approach for complex hydro-geologic settings, but is prohibitive in terms of time, data and effort required for modeling, validating and calibrating. Thus, analytical models offer a realistic alternative for screening-level analyses, and generally provide conservative estimates of depletion for the most vulnerable streams. For decision-making purposes, using analytical solutions can shorten the long and time-consuming process of creating and calibrating numerical models for complex hydro-geologic scenarios. Variability in hydraulic conductivity and the presence of surface water bodies have the greatest impact on depletion estimates. Incorporating these factors into existing analytical models can improve depletion estimates, but would require more site-specific data and also increase processing time.
